Binocular neurons that are closely related to depth perception should respond selectively for stimuli eliciting an appropriate depth sensation. To separate perceived depth from local disparity within the receptive field, sinusoidal luminance gratings were presented within a circular aperture. The disparity of the aperture was coupled to that of the grating, thereby rendering unambiguous the psychophysical matching between repeating cycles of the grating. In cases in which the stimulus disparity differs by one horizontal period of the grating, the portion of the grating that locally covers a receptive field is binocularly identical, but the depth sensation is very different because of the aperture. For 117 disparity-selective V1 neurons tested in two monkeys, the overwhelming majority responded equally well to configurations that were locally identical but led to different perceptions of depth. Because the psychophysical sensation is not reflected in the firing rate of V1 neurons, the signals that make stereo matches explicit are most likely elaborated in extrastriate cortex.
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The extent to which the properties of disparity-selective cortical neurons match those of psychophysical depth perception remains unclear. Most existing data are compatible with the view that disparity-selective neurons in primary visual cortex (V1) perform a simple calculation of the disparity of features within their receptive fields (Ohzawa, 1998 ), yet several psychophysical properties of stereopsis require more complex processing. One of these is the ability to solve the stereo correspondence problem: image features on the left retina must be matched with appropriate features on the right retina before depth is perceived (Julesz, 1971; Marr and Poggio, 1979) .
Whether single neurons respond only to appropriately matching stimuli is therefore an important test of how well they account for depth perception. The complexity of natural images is such that locally a binocular receptive field may receive stimulation from image features that fall in appropriate locations on each retina. On some occasions, those features are generated by a single object in the three-dimensional world (globally correct matches) and on other occasions not (false matches). If some disparity-selective neurons respond to these false matches, it suggests that an additional processing stage is required to understand why the false match is not perceived psychophysically. It has been argued that disparity selectivity in the response of complex cells to random dot stereograms (RDS; Poggio, 1984; Poggio et al., 1985) "assigns to the complex cell the unique property of solving the correspondence problem" . It has subsequently been pointed out that such responses to random dot stimuli are well explained on the basis of local matches alone (Qian, 1994; Fleet et al., 1996; Cumming and Parker, 1997) , so by itself this test does not establish whether V1 neurons distinguish global from false matches.
Many neurons show disparity selectivity when stimulated by anticorrelated RDS (Cumming and Parker, 1997) , which produce no sensation of depth (Julesz, 1971; Cogan et al., 1993; Cumming et al., 1998) . This suggests that V1 neurons are not exclusively selective for psychophysically perceived matches. However, the majority of these neurons modulated their firing less strongly for anticorrelated RDS than for correlated RDS. This is at odds with predictions based on the simplest versions of local processing, but refinements of such local models may be able to accommodate this result. Thus the data need not imply a general ability to distinguish false matches from global matches. Rather, the interpretation depends on detailed comparisons of quantitative models.
These uncertainties could be avoided if it were possible to present identical features locally in the receptive field and yet arrange that these features were sometimes false matches but at other times globally correct matches. Psychophysically it is possible to arrange this by using a horizontal row of identical elements. When a disparity is applied to the whole row, depth is perceived at this disparity, even when the disparity is as large as the spacing between elements (McKee and Mitchison, 1988) . Under these circumstances, the disparity measured between nearest identical elements on the retinas is different from the global disparity (perceived by the observer).
We used a modified version of this stimulus, consisting of circular patches of sinusoidal gratings, applying disparity to both the grating and the circular aperture. This produces a stable and robust sensation of depth (see Figure 1 ) and is highly effective in activating V1 neurons. With this stimulus, the distinction between globally correct and false matches can only be made by reference to the location of the aperture, which we arranged should lie outside the classical receptive field. Thus, binocular V1 neurons could make the distinction only if modulatory influences from beyond the classical receptive field (RF) (Maffei and Fiorentini, 1976; Gilbert and Wiesel, 1990; Sillito et al., 1995; Levitt and Lund, 1997) influence binocular interactions. This would allow disparity-selective neurons to respond preferentially to globally correct matches, as pointed out by Mitchison (1988) .
MATERIALS AND METHODS
A detailed description of the recording techniques has been given elsewhere . In brief, monkeys were trained to fixate for fluid reward while viewing binocular stimuli via a mirror stereoscope. The positions of both eyes were recorded with scleral search coils. E xtracellular action potentials were recorded via tungsten-in-glass microelectrodes (Merrill and Ainsworth, 1972) , which were inserted transdurally before each recording session. Necessary surgery was performed under general anaesthetic, and all of the procedures complied with the UK Home Office regulations on animal experimentation.
Stimulus generation and selection. Stimuli consisted of high-contrast (99%), sinusoidal luminance modulations within a circular aperture. The rest of the screen was a uniform gray equal to the mean luminance of the grating (188 cd /m 2 ). Linearity of the response of the display was measured with a Tektronix (Wilsonville, OR) J16 Photometer, and appropriate gamma correction was applied to ensure a linear response. The aperture was made sufficiently large to ensure that, at the largest disparity used, the minimum response field (MRF; determined with a binocular flashing bar at the optimal orientation) was covered by the grating in both eyes. The aperture was made no larger than this to ensure that the psychophysical percept remained robust: when a large number of grating cycles is visible there is an increased chance of perceiving matches at disparities other than that of the aperture (Hess and Wilcox, 1994; Prince and Eagle, 2000) .
T ypical stimulus configurations are shown in Figure 1 , which shows two different disparities, differing by one spatial period of the grating. Although the stimulus within a putative receptive field is identical, one of the stimuli appears in front of the fixation marker, and one appears behind. Note that with this arrangement the disparity of the bars of the grating is always consistent with the disparity of the aperture. Nonetheless, the local disparity of the bars has several alternative interpretations depending on how they are matched binocularly.
Before measuring responses to disparity, tuning curves were constructed for orientation, spatial frequency, and temporal frequency. The optimal values for each of these parameters were then used when constructing a disparity tuning curve (except that we did not use temporal frequencies Ͼ16 Hz, to keep temporal frequency substantially lower than the 72 Hz monitor refresh rate). The disparities tested were determined by the orientation and spatial frequency of the stimulus. First, the horizontal spatial period was calculated (the repeat period of a horizontal section through the stimulus). The disparity spacing was then set to one-fifth of this angle, and a minimum of seven (median, nine) stimuli were tested. The range of disparities included both the preferred disparity and one that differed from the preferred disparity by one horizontal period of the stimulus. Each stimulus was presented at least twice (median, five times).
The majority of neurons (106 of 117) were also tested with dynamic RDS presented against a midgray background. These were constructed with equal numbers of black and white square dots with dimensions 0.08 ϫ 0.08°at an overall density of 25% and the same contrast (99%) as the gratings. Each stimulus consisted of a circular central region, which varied in disparity, and an annular surround region of fixed disparity. The central region was matched in size to the measured minimum response field (for details, see .
Data anal ysis and curve fitting. The measure of neural response used throughout was the mean firing rate over the 2 sec stimulus presentation (spikes were counted from 50 msec after the first video frame until 50 msec after the last video frame). The firing rate as a f unction of disparity was then fit with two curves. First, the data were fit with a sinusoid. If the firing rate were determined only by the local matches within the RF, the frequency of the fitted sinusoid would be predicted by the properties of the grating stimulus used (Ohzawa and Freeman, 1986a, 1986b) . The second fit was intended to allow for the possibility that cells responded to both types of match but responded more strongly to the global match than to the false match. This curve was a sinusoid whose amplitude was modulated by a Gaussian envelope (an even-symmetric Gabor f unction; Figure 2 ). For both curves, a least squares fit was produced by nonlinear regression (Numerical Algorithms Group, Oxford, UK).
An important assumption of regression analysis is that the residuals are constant. For the majority of cortical neurons, in which variability increases with mean firing rate (Dean, 1981; Tolhurst et al., 1981; Britten et al., 1993; Geisler and Albrecht, 1997) , a simple least squares regression is inappropriate. Before using regression analysis, a transformation should be applied to the firing rates to render the residuals constant (Draper and Smith, 1998) . Geisler and Albrecht (1997) have argued that the variance of firing in V1 is adequately described as linearly proportional to the mean, an observation we have confirmed for disparityselective neurons in awake monkey V1 . Under these circumstances, the square root of the mean firing rate ( ͌ rate) is the variable whose variance is constant (Armitage and Berry, 1994) . Consequently all regression analysis (including ANOVA) was performed on ͌ rate. Note that the fitted curve was similarly transformed, so that the fitted sinusoid is ͌ rate ϭ ͌ m ϩ A sin( ϩ ), where is disparity, and m is the mean of the responses to all disparities. Thus firing rate is modeled as a linear sinusoidal f unction of disparity, but the transformation has the effect of reducing the weight given to the higher firing rates, compared with no transformation. (In practice, for this data set, using untransformed rates gives similar fits.) Psychophysical training. Both animals were trained to make psychophysical judgments of depth. Initially, they were trained with random dot stimuli , consisting of a central region whose disparity was varied from trial to trial, and a surrounding annulus with a disparity that remained fixed at zero. If the animal successf ully maintained fixation for the stimulus presentation period, the stimulus and fixation marker were replaced by two markers symmetrically above and below the former position of the fixation point. The animal signified whether the stimulus had a crossed or uncrossed disparity by moving fixation to the lower or upper marker, respectively. Only correct responses were rewarded. Once Figure 1 . Example stimuli for free fusion. The rectangle shows diagrammatically the location of a putative receptive field. In A, corresponding parts of the stimulus overlie the receptive field. In B, the stimulus within the receptive field is identical to A, but noncorresponding parts of the stimulus are within the receptive field. Despite the fact that one of these stimuli is seen in front of the fixation cross and one is seen behind, the stimulus within the putative receptive field is the same. For clarity of exposition, the disparity is applied by translating only the left image in this diagram. During recording, disparity was applied with a symmetrical displacement of both monocular half images. the animals performed this task reliably, they were tested with grating patches. Here, the task required a report of whether the grating patch was in front of or behind the fixation marker.
RESULTS

Psychophysical responses
First, we wished to confirm that the binocular matching of features in stimuli such as those shown in Figure 1 was perceptually unambiguous, for the animals from whom neurons were recorded. Some care is required in the choice of a stimulus configuration, particularly the size of the aperture. If the aperture is large relative to the period of the grating (i.e., many cycles of the grating are present), there is an increased possibility of some ambiguity in the psychophysical matching. In the extreme case of an infinitely large aperture, the matching becomes totally ambiguous. Human psychophysical studies have confirmed the importance of aperture size in controlling how features are matched in stimuli such as those used here (Hess and Wilcox, 1994; Prince and Eagle, 2000) . To ensure that the matching was unambiguous, the aperture was made as small as possible while still ensuring that the region of overlap still covered the neuronal minimum response fields, even at the largest disparities used.
The psychophysical responses were measured with configurations identical to those used for some of the unit recordings. The results are shown in Figure 3 , where it is clear that both animals successfully discriminate two configurations in which the central region is identical (see Fig. 1 ). These locally similar features do not produce a perception of depth at the equivalent disparity, so they are therefore "false" matches. With this distinction made on psychophysical grounds, it is then possible to consider whether disparity-selective neurons in the same animals respond to such false matches.
Single neuron responses
In recordings from 628 neurons in two animals (303 in Monkey Hg and 325 in Monkey Rb), we completed this experiment in 117 neurons (56 and 61 in Hg and Rb, respectively). One-way ANOVA showed a significant (p Ͻ 0.05) effect of disparity on ͌ rate in all these neurons. The receptive fields had eccentricities between 1 and 5°, and the mean receptive field diameter was 0.68°. Almost all of these neurons showed some orientation selectivity, and quantitative data on orientation tuning were analyzed for 83 of 117 neurons. The mean orientation bandwidth (half-width at half-height) was 23°, and there was a slight bias toward near-vertical orientations (47 of 83 neurons had preferred orientations within Ϯ45°of vertical). At least one reason for this bias results from the stimuli used: if the preferred orientation had been near-horizontal, large disparities would have been required. This would have required the use of large stimuli, which has two hazards. First, large stimuli might overlap the fixation point, consequently disrupting the animals' control of vergence. Second, large stimuli would have many cycles of the grating within the aperture so that the perceptual response might become ambiguous. Of the 117 neurons, 37 were classified as simple, and 80 were Figure 2 . Disparity selectivity of one neuron and the corresponding Gabor fit. The Gabor fit is constrained to be even-symmetric (the Gaussian is always centered at the peak). This fit is then used to compare the magnitudes of responses to locally identical stimuli (differing in disparity by one period of a horizontal cross section through the stimulus). The stimulus here was a 4 cycles per degree (cpd) grating oriented 70°from vertical, so the horizontal period was 0.25/cos(70°) ϭ 0.73°. The peak-totrough amplitude at the preferred disparity (A1) is compared with the peak-to-trough amplitude for the response to a disparity differing by one stimulus period (A2). This is expressed in percent attenuation: 100 ‫ء‬ (A1 Ϫ A2)/A1, and in this example is 15%. Note that if the period of the fitted Gabor is different from the stimulus period, the second peak in the Gabor fit is not at the disparity one stimulus period away from the peak. A2 is then smaller than the amplitude of the second peak in the Gabor fit. classified as complex, on the basis of the modulation in their firing rate in response to the grating stimuli (Skottun et al., 1991 ; as modified by .
The effect of disparity on firing rate is shown for one neuron from each animal in Figure 4 . This shows the disparity tuning measured with both sinusoidal gratings and RDS. There are clearly two peaks in the tuning curves for sinusoidal stimuli, and only one peak in response to RDS. Thus one of the peaks represents activation by a false match. The responses were quantified by fitting a sinusoidal function to the firing rates. The period of the best-fitting sinusoid should equal the period of a horizontal cross section through the stimulus, i.e.:
where is the angle of the stimulus away from vertical.
In 12 cells we also measured the response to stimuli of two different spatial frequencies (usually with a ratio 2Ϻ1), as illustrated in Figure 5 . The period of the disparity tuning function changed in the same way as the period of the stimulus. We compared the ratio of the fitted periods with the ratio of the stimulus periods. The expected value of this is unity, and the experimentally observed value was 0.95 (Ϯ0.11 SD). Thus the period of the fitted sinusoid reflects the horizontal period of the stimulus and is not determined by the receptive field structure. This is exactly what is expected if the neurons respond only to the disparity of the portion of the stimulus that falls within the classical receptive field.
The results of fitting sinusoids to the data for all 117 cells are shown in Figure 6 . Two points are contributed to this plot by each of the 12 cells for which the experiment was repeated at two spatial frequencies. There is clearly a very strong correlation between the period of the best-fitting sinusoid and the horizontal period of the stimulus, as expected if the neurons are activated by false matches in these stimuli.
Note that small deviations from the predicted periodicity might occur as a result of vergence eye movements. If the animals tend to adjust vergence in response to the stimulus disparities, then the retinal disparity will be smaller than the nominal stimulus disparity. In this case, the tuning would be expected to modulate with a longer period than that specified by the stimulus. For each experiment we performed a linear regression of vergence angle on stimulus disparity. This revealed a small but highly significant tendency for the animals to converge with the stimulus disparity: the mean of the regression slopes was 0.027 (degrees of vergence per degree of disparity), with an SEM of 0.006 (n ϭ 129; t test p Ͻ 0.0001). Some of the scatter of points around the identity line in Figure 6 , particularly points that deviate slightly upward toward a longer fitted period, might therefore reflect the effect of vergence eye movements. A few neurons show large deviations from the predicted modulation as a function of disparity: for 6 of 129 cases, the fitted period is more than twice the predicted period. This size of deviation is much too large to be explained by random error or vergence eye movements, and other explanations must be sought.
The data in Figure 6 demonstrate that the overwhelming majority of neurons show periodic modulations in their disparity tuning, like those shown in Figures 2, 4 , and 5. The spatial period of this modulation is close to that predicted from the orientation and spatial frequency of the stimulus. These tuning curves show multiple peaks, and the locations of the extra peaks correspond to disparities that place false matches within the receptive field. Although the locations of the extra peaks are well explained by this argument, this analysis does not address the question of whether the magnitude of the responses to false matches is the same as the response to globally correct matches. To examine this, even-symmetric Gabor functions were fit to the data, as shown in Figure 2 .
The spatial frequency of the fitted Gabor was free to vary, so that all of the tuning curves we saw could be well fit by this function. (On average, the Gabor accounted for 94% of the variance in the data sets.) The magnitude of the response at the center of the Gabor was then compared with the response to a disparity that differed by exactly one period of the stimulus (i.e., a stimulus that is identical within the minimum response field). The extent to which this second response was attenuated relative to the peak provides a measure of how far the tuning curves deviate from the simplest prediction. The example in Figure 2 shows an attenuation of 15%, slightly larger than the median of the population (14%). Figure 7 shows the distribution of this attenuation measure across the population of neurons recorded here. The great majority of neurons follow the simple pattern illustrated in Figures 2, 4 , and 5: there is a periodic modulation at the predicted spatial frequency, and the responses to false matches are similar in magnitude to the responses to psychophysically perceived matches (81 of 129 experiments showed Ͻ20% attenuation). Frequency distribution of response attenuation. This compares the response at the peak of the Gabor with the response to a stimulus differing in disparity by exactly one period of the stimulus. This is expressed as a percentage attenuation relative to the peak response. There is a large clustering of neurons in the region of zero attenuation. Note that attenuation is always calculated relative to the peak of the fitted Gabor, even though this peak could have occurred in response to a false match. Indeed comparison with the responses to RDS stimuli suggested that for many cells the largest peak was in response to a false match. Solid symbols show the data for strongly disparity-selective neurons (maximum response Ͼ20 spikes/sec and maximum response Ͼ twice minimum response). Open symbols show the remaining data.
Note that if the fitted period of modulation does not correspond to the horizontal period of the stimulus, then this analysis inevitably assigns the measured attenuation as large. This is because the attenuation is calculated for a disparity one stimulus period away from the Gabor center. In the specific case, when the fitted period is more than twice the stimulus period, there is no minimum in the region between the peak and the first false match, so the attenuation is 100%. All of the neurons for which the ratio (fitted period)/(predicted period) was Ͼ1.2 had attenuation values Ͼ35%. Hence, the attenuation measure captures both deviations from the expected period of the fit and variations in the amplitude of the peaks. The attenuation is always calculated relative to the largest peak (the center of the Gabor), wherever that happens to be. In some cases this peak appears to occur in response to false matches (see Figure 8) , so that by itself a substantial attenuation value does not necessarily indicate a preference for global matches over false matches.
The data in Figure 7 show that the great majority of neurons show periodic modulation in their disparity tuning, and that both the location and magnitude of the multiple peaks are as predicted on the basis that these neurons respond only to the disparity of local features within the receptive field. The distribution does show a small number of neurons that show substantial deviations from this pattern (large attenuation values), so it is possible that this represents a subgroup that is selective for global disparity matches.
Close inspection of the tuning curves suggests an alternative explanation. These large values of attenuation are all consistent with a possible failure to cover the receptive field fully with the binocular stimulus. When the responses to RDS stimuli are also examined, this explanation frequently turns out to be the more plausible. Figure 8 shows the data for gratings and RDS from three neurons with large attenuation values. All three neurons show a preferred disparity for the windowed grating stimulus that is different from the preferred disparity for the random dot stimuli. Thus, none of these data is consistent with a specific selectivity for globally correct binocular disparities. In all three cases, the pattern of results can actually be better explained by supposing that the area over which binocular interaction occurred was larger than our estimate of the classical receptive field. Using these stimuli, changes in disparity necessarily cause changes in the location of monocular stimuli: in the extreme, if the disparity was made very large, the stimulus might be moved off the monocular receptive field altogether. Such monocular artifacts are particularly hazardous here, because we tried to keep the stimuli as small as possible to ensure that the psychophysical sensation of depth was unambiguous. Because our estimate of RF size was the MRF (determined by hand plotting with a bar), it is quite possible that the area over which binocular interaction occurs was underestimated. Figure 7 shows no evidence of two distinct groups of neurons. Neurons that respond differentially to identical stimuli within the receptive field frequently a show different disparity preference when tested with random dot patterns (Fig. 8) . This group also tends to be less strongly modulated by disparity than the neurons that show more similar responses to false matches. (The solid symbols show neurons whose maximum response was Ͼ20 spikes/ sec and more than double the minimum response.) Taken together, these observations suggest that the data in Figure 7 are best explained by supposing that, for these few neurons, our hand Figure 8 . Responses of three neurons illustrating extreme deviations from simple sinusoidal tuning functions. In all three cases, the attenuation is much larger than the median of the population (14%), so these represent extreme examples. Nonetheless, when the responses to RDS are considered, it is hard to reconcile any of these cases with a specific selectivity for global matches. In each case, the solid line shows the Gabor fit to the disparity tuning measured with gratings (solid symbols), and the dashed line shows a Gabor function fit to the disparity tuning measured with RDS (open symbols). A, Most extreme deviation observed in the entire data set (100% attenuation). The repeat period of the grating tuning curve is much larger than the stimulus period (ratio 7.8, shown with an open symbol in Fig. 6 ). The pattern of disparity selectivity for gratings is quite different from that observed in response to RDS. Note that the response to large positive disparities is similar to that for right eye monocular stimulation (dashed line), as if the grating patch no longer covered the RF in the left eye. B, Example in which the tuning function shows the expected periodicity but shows changes in the depth of modulation (27% attenuation). Note that the greatest firing rate is in response to a false match (assuming that the response to RDS indicates the global match normally signaled by this neuron). C, Example in which responses on either side of the central peak are attenuated (43%), yet once again the value of the preferred disparity is different from that shown in response to RDS. The pattern seen in response to the grating could occur if the area of binocular overlap in the stimulus no longer covers the neuron's binocular summation area. In all three cases shown here, the comparison of responses to gratings and RDS does not support the view that these neurons fire selectively for global stereoscopic matches.
plotting of minimum response fields underestimated the area over which these neurons integrated binocular information. The available evidence strongly indicates that V1 neurons respond equally well to either false matches or globally correct matches provided that they adequately cover the binocular receptive field.
Responses to compound gratings
One feature of the grating stimuli deserves further consideration. Within the bounds of the MRF, the false matches and the global matches are identical. From one perspective it may seem unsurprising that identical stimuli within the MRF produce similar responses. An alternative view would be that, because stimuli outside the MRF can influence the activity of many V1 neurons (Maffei and Fiorentini, 1976; Gilbert and Wiesel, 1990; Sillito et al., 1995; Levitt and Lund, 1997) , such influences might be critical in binocular vision. The present results demonstrate that such interactions are not exploited in solving the stereo correspondence problem. Whatever processes underlie our ability to perceive the stimuli in Figure 1 at different depths, they appear not to be reflected in the firing rate of disparity-selective neurons in V1.
This still leaves open the possibility that there are other circumstances in which V1 neurons might respond in a way that more closely resembles the psychophysical correspondence process. To examine this possibility, we investigated a subset of neurons with compound gratings composed of two spatial frequencies, as shown in Figure 9 . Now, when the whole pattern is displayed with a disparity equal to the spatial period of one sinusoidal component, the other sinusoidal component is at a different phase in the two eyes. Potentially, the information from the two spatial frequencies could be combined to assist in distinguishing global from false matches.
The most robust way to produce this effect psychophysically would be to add a component at a much lower spatial frequency than the optimum. However, if such a frequency was outside the spatial frequency pass band of the neuron, it is possible that it would be just as invisible to the receptive field as the aperture in the previous experiments. For all the cases examined here, we took the precaution of verifying that both component spatial frequencies were independently capable of exciting the neuron. Consequently, we chose two spatial frequencies close to the optimal, with frequencies in the ratio 3Ϻ4, as illustrated in Figure  9 . Human psychophysical experiments suggest that the information available in this kind of stimulus is sufficient to allow unambiguous stereo matching (Hess and Wilcox, 1994) .
We investigated the psychophysical performance of human observers, as well as the two monkeys, using a modified version of the stimulus shown in Figure 9 . The modification was required because the data in Figure 3 demonstrate that the aperture effectively constrains matching, even for a single sinusoid. Clearly then, the psychophysical matches will be equally unambiguous with the stimuli illustrated in Figure 9 . Because the intention of this experiment was to test the neurons with information within the receptive field that rendered the matches unambiguous, we tested observers with a stimulus that limited them to the same type of information. A compound grating was multiplied by a broad Gaussian envelope (SD ϭ 3°), and disparities were applied only to the grating, not the envelope. In this stimulus the only information that distinguishes false from globally correct matches is the phase relationship between the two frequency components. For each stimulus, the animal made a forced choice front-back judgment. When the stimulus within the envelope was a single sinusoid, the animals' responses showed a periodicity at the spatial frequency of the stimulus. Figure 10 shows the responses to compound gratings. The animals are able to identify correctly the disparity of stimuli when either sinusoidal component alone would be unreliable, indicating that the information available to single neurons in Figure 11 is sufficient to disambiguate some stereo matches psychophysically. We have confirmed this result in three human observers.
For recording experiments, stimuli like those in Figure 9 were used, in which both the aperture (outside the MRF) and the combination of the two gratings (inside the MRF) make the matches unambiguous. Disparity tuning curves were constructed Figure 9 . E xample binocular compound grating. This is the sum of two gratings, with spatial frequencies in the ratio 3Ϻ4. These were chosen to ensure that both component gratings produced disparityselective responses in the neuron. The stimulus is shown here with a disparity equal to the spatial period of one of the component gratings. Thus, within the RF, one of the grating components is exactly aligned, but the other is not. Figure 10 . Psychophysical responses to compound gratings, for the two animals from which neurons were recorded. The stimulus was a vertical compound grating multiplied by a Gaussian with an SD of 3°. The two component gratings had spatial frequencies of 3 and 4 cpd for monkey Rb and 6 and 8 cpd for monkey Hg. The disparity is expressed in multiples of the period of the grating of lower spatial frequency. Both animals correctly discriminate stimuli at Ϯ0.5 cycles of disparity, indicating that they combine information across the two spatial frequencies to solve the correspondence problem.
for each component grating individually and for the compound gratings; all three stimulus types were interleaved. The compound gratings provide adequate information within the receptive field to distinguish false from global matches, so there should only be one peak in the disparity tuning curves for these stimuli, if these neurons are making use of this information. Figure 11 illustrates the results for two cells, where it is clear that there are two peaks in the tuning curves, but the peaks are of different magnitudes. One would expect this difference in magnitude even if the neurons were simply signaling local matches: the large peak occurs where both grating components are at the optimal disparity, whereas at other disparities only one of the two components is at the optimal disparity. We attempted to describe the responses to the compound gratings by the weighted sum of the responses to the component gratings:
where is the stimulus disparity, A 1 , 1 , A 2 , and 2 are the amplitude and phase of the sinusoids fitted to the component gratings, 2 1 and 2 2 are the horizontal periods of the component gratings, k is a weighting factor, and m is the mean rate about which the function modulates. Despite the fact that only two additional parameters (k and m) are introduced to fit the responses to compound gratings, the resulting fits describe the data well (see Figure 11 ). This experiment was performed on 13 cells, and on average the fit accounted for 80% of the variance in ͌ rate. Even in cases in which the fit was relatively poor, the data showed the same qualitative pattern: the second peak was smaller and broader than the peak nearer 0. This can be seen in Figure  11 , right graph, which shows the worst fit in the data set (accounting for 64% of the variance in ͌ rate). Even in this case there are clearly two peaks in the tuning curve, so qualitatively it appears as if the neuron responds to the false matches. The poor fit reflects only a quantitative failure to match the data exactly in this example. The data do not indicate any genuine ability to distinguish false matches from global ones.
The responses of single V1 neurons to disparity in compound gratings are well predicted by a linear combination of the responses to disparity in the component gratings. The psychophysical ability to combine information across components to disambiguate stereo matches reflects a nonlinear combination of the component gratings. This nonlinear combination is not reflected in the activity of single V1 neurons.
DISCUSSION
Stereo matching with extended sinusoidal gratings is inherently ambiguous: applying a disparity equal to the period of the grating produces an identical stimulus. We used an aperture to render the matching unambiguous in small circular patches of sinusoidal gratings. This was effective psychophysically for the animals used here and for human observers. We find that the response of the great majority of disparity-selective neurons in area V1 depends only on the local disparity of the stimulus within the RF, regardless of the position of the aperture. Thus these neurons are unable to distinguish false matches from global matches in these stimuli.
Several earlier studies have also demonstrated that gratings elicit periodic disparity responses (Ohzawa and Freeman, 1986a,; Wagner and Frost, 1994; Smith et al., 1997) . However, in most cases this simply reflects the periodic nature of the stimulus: stimuli with disparities differing by one spatial period were identical stimuli. It is only the use of an aperture that renders these disparities discriminable and hence permits the distinction between psychophysical and neuronal responses. Wagner and Frost (1994) used an aperture in their study of neurons in the Wulst of the anesthetized barn owl. Usually, the aperture was fixed in size (10°), substantially larger than typical receptive fields. The stimuli therefore typically contained many cycles of grating, so it is not known whether they would have supported unambiguous psychophysical matching (the animals were not tested psychophysically).
In a small number of neurons, the responses did appear to distinguish between two configurations that were identical within the bounds of the receptive field. However, this interpretation depends critically on our assessment of the receptive field size. If we had underestimated the size of the receptive field, then it is Figure 11 . Effects of stimulating two disparity selective neurons with compound gratings. Left graph, Responses of one neuron to the two component gratings presented individually. The fitted curves are sinusoids in which the spatial period is fixed at the horizontal period of the stimulus. Center graph, Responses of the same cell to a stimulus that was the sum of the two stimuli in the left graph. The fitted curve shows a weighted linear sum of the two sinusoids fitted to the data in the left graph and accounts for 85% of the variance induced by disparity. Right graph, Responses to the compound grating of the cell for which the fitted curve was the worst in the data set. Despite this, the data are qualitatively similar to those in the center graph. There is a second peak in the tuning curve, which is smaller and broader than the peak near 0 disparity. quite possible that neural responses to two stimuli were different, because the stimulus within the real receptive field was different. Because our measure of receptive field extent depended on hand plotting with a bar, it is quite possible that MRF size was underestimated in this small fraction of neurons. Furthermore, recent studies have shown that RF size depends on the stimulus that is used to assess it (Sceniak et al., 1999) . Thus there may be a discrepancy between the area over which binocular interaction occurs and the MRF measured with a bar, even if the latter is determined quantitatively.
Another discrepancy may arise from interactions along the length of the classical receptive field, parallel to the preferred orientation. Consider a neuron that shows end stopping (in both eyes). For the windowed grating stimuli, it is inevitable that globally correct matches correspond to elements of the same length in both eyes, whereas the false matches correspond to elements of different lengths. If neurons responded preferentially to stimuli that elicited similar degrees of end stopping in the two eyes, they could discriminate the false matches in this stimulus from the global matches. This is of especial concern with special complex cells (Palmer and Rosenquist, 1974; Gilbert, 1976) , which respond preferentially to stimuli of a length shorter than the total spatial elongation of the receptive field. A more extensive comparison of receptive fields and summation areas for monocular and binocular stimuli would be necessary to substantiate this interpretation. The current data do not differentiate between this explanation and a simple failure to fill the monocular receptive fields.
In any case, the great majority of neurons show little attenuation, so these alternative mechanisms need not be invoked. These data indicate that the perceptual process that differentiates the stimulus configurations shown in Figure 1 is not reflected in the activity of disparity-selective neurons in primate V1. The parts of the stimulus that determine this psychophysical response lie outside the classical receptive field, so this result shows that the modulations produced by the nonclassical surround are not exploited to constrain stereo matching.
The present results complement our earlier study using anticorrelated RDS (Cumming and Parker, 1997) , in which the false matches within the RF were quite different from the global matches. That study demonstrated that V1 neurons show disparity selectivity for these false matches, but the amplitude of the modulation was generally lower than for correlated RDS. Although this deviates from the predictions of a simple energy model (Ohzawa et al., 1990; Fleet et al., 1996; Cumming and Parker, 1997) , it seems unlikely to reflect a mechanism that can identify false matches in correlated stereograms. A possible mechanism of this type is a "top-down" influence that reduces the response modulation because the animals do not perceive depth. The present results with grating patches argue against the presence of such a mechanism, because the majority of neurons respond equally well to the false matches.
The results reported here, combined with the earlier study of anticorrelated RDS, argue strongly that at least some of the psychophysical processes that solve the stereo correspondence problem are completed outside V1. This is important not only for depth perception but also for maintaining binocular single vision. Thus V1 neurons seem to be at best a preliminary stage in the representation of stereo disparity, analogous to their role in motion processing. For example, few neurons in V1 show pattern-motion selectivity when tested with plaid patterns, whereas a substantial fraction of neurons in MT do show selectivity for pattern motion (Movshon et al., 1985) . It may be that for stereo, as for motion, responses in extrastriate cortical areas are able to match psychophysical responses more closely than responses in V1.
